We report scanning tunneling spectroscopic (STS) studies of the low-energy quasiparticle excitations of cuprate superconductors as a function of magnetic field and doping level. Our studies suggest that the origin of the pseudogap (PG) is associated with competing orders (COs), and that the occurrence (absence) of PG above the superconducting (SC) transition T c is associated with a CO energy  CO larger (smaller) than the SC gap  SC . Moreover, the spatial homogeneity of  SC and  CO depends on the type of disorder in different cuprates: For optimally and under-doped YBa 2 Cu 3 O 7 (Y-123), we find that  SC <  CO and that both  SC and  CO exhibit long-range spatial homogeneity, in contrast to the highly inhomogeneous STS in Bi 2 Sr 2 CaCu 2 O 8+x (Bi-2212). We attribute this contrast to the stoichiometric cations and ordered apical oxygen in Y-123, which differs from the non-stoichiometric Bi-to-Sr ratio in Bi-2212 with disordered Sr and apical oxygen in the SrO planes. For Ca-doped Y-123, the substitution of Y by Ca contributes to excess holes and disorder in the CuO 2 planes, giving rise to increasing inhomogeneity, decreasing  SC and  CO , and a suppressed vortex-solid phase. For electron-type cuprate Sr 0.9 La 0.1 CuO 2 (La-112), the homogeneous  SC and  CO distributions may be attributed to stoichiometric cations and the absence of apical oxygen, with  CO <  SC revealed only inside the vortex cores. Finally, the vortex core radius ( halo ) in electron-type cuprates is comparable to the SC coherence length  SC , whereas  halo ~ 10 SC in hole-type cuprates, suggesting that  halo may be correlated with the CO strength.
Introduction
The low-energy quasiparticle excitations of cuprate superconductors exhibit various spectral characteristics that differ from those of simple Bogoliubov quasiparticles for pure superconductors because of the presence of competing orders (COs) in the ground state of under-and optimally doped cuprates [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Some of the best known unconventional spectral characteristics include: the presence (absence) of pseudogap and Fermi arc phenomena in hole-type (electrontype) cuprates [4] [5] [6] [7] [8] [9] [10] [11] [12] ; dichotomy of the quasiparticle coherence for momentum near the nodal and anti-nodal parts of the Fermi surface [9, 12, 13] ; pseudogap (PG)-like spectral features inside vortex cores [4] [5] [6] [7] ; and non-universal spectral homogeneity among different types of cuprates [4, 5, [14] [15] [16] [17] [18] .
In this work we investigate the effects of varying doping levels and magnetic fields on the spatially resolved low-energy quasiparticle excitations of hole-and electron-type cuprate superconductors. Our experimental results suggest that the PG phenomena are closely related to COs, and that the correlation of superconductivity (SC) and PG with different types of disorder may account for the varying degrees of spatial homogeneity in the quasiparticle spectra. We also demonstrate the effect of hole doping on the vortex-state irreversibility line, which suggests the relevance of competing orders to vortex pinning.
Experimental
The primary experimental technique employed in this work is cryogenic scanning tunneling spectroscopy (STS). Details of the experimental setup, surface preparations and methodology of data analysis for the STS studies have been described elsewhere [5] [6] [7] 14, 15] were 68 K, 64 K, 59 K, 42 K and 74 K, respectively. We note that the p value for a given Ca-doping level x depends on the oxygen annealing process [19] , and that there is a maximum T c value for a given x, T c,max (x), which were empirically determined to be 93.5 K, 89.0 K, 82.9 K and 82.9 K for x = 0, 0.10, 0.20 and 0.30, respectively [19] . Hence, the p values of Ca-doped Y-123 samples are estimated from T c,max (x) and the empirical formula [20] samples [4] [5] [6] [7] , which differ from the strong spatially inhomogeneous tunneling spectra observed in Bi-2212 [17, 18] . In contrast, for Ca-doped Y-123, the zerofield LDOS spectra revealed spatial homogeneity only within a limited range (up to ~ 10 2 nm in length); variations in the spectral characteristics appeared over a long range, which may be attributed to disorder in Ca-doping. 
Doping Dependent Quasiparticle Tunneling

Spectra and Vortex Dynamics
Doping dependent zero-field LDOS of hole-type cuprates
Here the SC pairing potential is given by 
We further note the occasional occurrence of a zero-bias conductance peak (ZBCP) for tunneling along the {100} direction, as exemplified in the main panel of Fig. 1a , which is the result of the atomically rugged {100} surface so that Andreev bound states near {110} can contribute to the tunneling spectra, as detailed in Ref. [14] .
For under-doped Y-123, the zero-field LDOS also reveals similar spectral features (Fig. 1b, upper panel) , except that  d is reduced and  eff evolves from shoulder-like features to peak-like features separated from the SC coherence peaks. Both  d and  eff remain spatially homogeneous (Fig. 1b, lower panel) .
In the case of Ca-doped Y-123, the pairing symmetry evolves from pure [14, 22, 23] , and the spectral characteristics are homogeneous only over smaller areas ~(10 for the Y-123 system is shown in Fig. 1d , showing a dome-like  SC (p) similar to that of T c (p) and a decreasing  CO (p) similar to the PG temperature T * (p).
Vortex-state LDOS of hole-type cuprates
In the vortex state of conventional type-II superconductors, SC inside the vortex core is suppressed by the supercurrents surrounding each vortex, giving rise to enhanced local density of states (LDOS) peaking at  = 0 near the center of each vortex [24] . In contrast, the vortex-state LDOS of Y-123 exhibits several important differences. First, despite spatially homogeneous zero-field LDOS, field-induced vortices are relatively disordered and the radius of the vortex "halo"
( halo ~ 10 nm) appears much larger than the SC coherence length  SC ~ 1.2 nm, (Fig. 2a) . Further, the vortex-state LDOS remains suppressed inside the vortex core (Figs. 2c-2d), with PG-like features appearing at the same energy  CO as that derived from theoretical analysis of the zero-field LDOS. Moreover, density-wave like constant-bias conductance modulations are apparent, as exemplified in Fig.   2b . The histogram of the spectral evolution from  SC to  CO and another sub-gap feature at with increasing H is shown in Fig. 2e , which is in stark contrast to the vortex-state spectral evolution of conventional type-II superconductors [4] .
To obtain further insights, we perform Fourier transformation (FT) of the LDOS at constant energies (). As shown in Fig. 3a for the FT-LDOS in the reciprocal space for spectra integrated from 1 to 30 meV, various spectral peaks are apparent, which may be divided into two distinct types: One is associated with the -independent wave-vectors that may be attributed to COs of charge-, pairand spin-density waves (CDW, PDW and SDW) and the (,) magnetic resonance, as shown in Figs. 3b, 3d and summarized in Fig. 3g [4 -6] . The other type consists of -dependent quasiparticle interference (QPI) wave-vectors [5, 6, 17] , as exemplified in Fig. 3e and summarized in Fig. 3f . The spectral intensity of these -independent wave-vectors exhibits interesting evolution with H that further corroborates the existence of COs, as exemplified in Fig. 3c [4-6 ].
LDOS of electron-type cuprates
The zero-field LDOS of electron-type cuprate La-112 exhibited a single set of spectral peaks at ω =  eff (Fig. 4a) , and the LDOS revealed long-range spatial 6 homogeneity [7] . Theoretical fitting to the LDOS and the k-dependent spectral density from angle-resolved photoemission spectroscopy (ARPES) yields a d x 2 −y 2-wave SC gap with  d ~ 12 meV and a SDW with a wave-vector of (,) and  SDW ~ 8 meV [4, 5, 7] . The vortex-state LDOS of La-112 revealed a vortex-core radius comparable to  SC ~ 4.9 nm. The LDOS remained suppressed inside the vortex core, with PG-like features appearing at  CO <  SC , as shown in Fig. 4c . The fact that  CO <  SC is consistent with the absence of zero-field PG above T c in La-112.
The histogram of the spectral evolution with H is illustrated in Fig. 4d , which differs from those of Y-123 (Fig. 2e) and conventional type-II superconductors.
Doping dependent vortex dynamics
In addition to the LDOS, we investigate how vortex dynamics may evolve with increasing Ca-doping x for nearly constant p (Fig. 5) , suggesting suppressed SC coherence due to Ca-induced disorder [23] . As the hole doping further increases, the trend eventually reverses (Fig. 5) , probably due to vanishing COs and therefore enhanced SC stiffness and reduced vortex-state fluctuations [21] .
Discussion
In addition to the doping dependence of  SC and  eff , it is interesting to address the issue of spatial homogeneity of LDOS in different cuprates. Comparing our empirical findings with the highly inhomogeneous quasiparticle spectra in Bi-2212 [17, 18] , it appears that the spatial homogeneity in the LDOS depends on the type of disorder: For optimally and under-doped Y-123, the long-range spatial homogeneity in both  SC and  eff may be attributed to the stoichiometric cations and ordered apical oxygen. In contrast, for Ca-doped Y-123, the substitution of Y by Ca contributes to excess holes as well as disorder in the CuO 2 planes, giving rise to spatial variations in  SC and  eff . In the case of under and optimally doped Bi-2212, the non-stoichiometric Bi-to-Sr ratio results in disordered Sr and apical oxygen in the SrO layer [25] , leading to highly disordered PG features. Finally, for optimally doped electron-type cuprate La-112, the homogeneous LDOS may be attributed to stoichiometric cations and the absence of apical oxygen.
Conclusion
Scanning with increasing Ca-doping if p is kept nearly constant. However, for sufficiently large hole-doping levels (such as for p  0.23), the trend is reversed due to vanishing CO and increasing SC stiffness.
